Abstract-Electrical isolation using the ablation catheter has been widely used as the golden standard for the treatment of atrial fibrillation. Clinical practice shows that the tip orientation affects the formation of the effective lesion size. However, the traditional unidirectional or bidirectional catheter with the compliant bending shapes cannot provide great orientation capability to target the lesion paths asymmetric to the catheter's entry point. In this letter, we propose a two-dimensional (2-D) tendon-actuated asymmetric catheter to render two different bending characteristics to adapt to the special anatomy. The contact-aided compliant mechanism is adopted by designing the asymmetric blocks to form the self-collision in one lateral bending direction. Kinematics with asymmetric bends under the free bend and constraint bend are investigated. The algorithm of 3-D path exploration in the confined workspace is proposed to validate the reachability. The bending angles of two asymmetric bends are compared and the 3-D phantom study is carried out to validate its effectiveness. Results indicate that the contact-aided compliant mechanism can be integrated with the steerable catheter successfully to help form the different bending characteristics, finally improving the tip orientation capability to the specific ablation line lesions.
I. INTRODUCTION
A TRIAL fibrillation (AFib) is the most common serious disease, which will lead to the disordered arrhythmia of heart activity with irregular beating [1] . Until 2013, it has resulted in around 112,000 deaths as reported in [2] . The regular treatment is to perform the medications or cardioversion, which does not always work very well. An effective procedure is the maze surgery, which is an open surgery by opening the chest and creating an amount of incisions and sutures to impede the conduct of electricity. But it requires the heart-lung machine and complicated surgical procedure. Radiofrequency catheter ablation (RFCA) is most established minimally invasive approach and more popular for the surgeons, which aims to perform the pulmonary vein isolation (PVI) by delivering the ablative energy point by point. Recently, there are more novel technologies to address the AFib, such as balloon cryoablation [3] , laser balloon ablation [4] , and so on. Among all the potential solutions, PVI using the steerable ablation catheter is still the most popular and considered as the gold standard for most patients. So in this letter, we focus on this approach to treating the AFib.
A. Surgical Procedure
During the procedure of PVI shown in Fig. 1 , the surgeon will insert a steerable ablation catheter through the superior or inferior vena cava, then the catheter will go through the puncture created by the transseptal needle to the targets in the left 2377-3766 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. atrium, finally performing the isolation by using the radiofrequency energy to destroy the heart tissue. It will create two line lesions around two left and two right pulmonary veins to isolate the propagation of the arrhythmia (Fig. 1) . Meanwhile, the electroanatomic mapping systems like Ensite Navx (St. Jude Medical) [5] and Carto (Biosense Webster) [6] , can provide 3D maps of cardiac chambers. By combing the traditional fluoroscope, it can help locate the position of catheters during the surgical procedure.
B. Challenge
PVI needs to be implemented at the left atrium. There are three typical structures defined in this specific ablation task: left inferior/superior veins, right inferior/superior veins, and the fossa ovalis (Fig. 2) . The task is to insert the catheter from the fossa ovalis, then perform the point-by point ablation around the left and right pulmonary veins. As shown in Fig. 2 , the left veins are almost lying in the front of the fossa ovalis, while the right veins are located at the left posterior of fossa ovalis. With regard of the asymmetric anatomy, when the catheter passes through the puncture, it will almost orient to the left pulmonary veins, so the small bends are enough to reach the targets; while for the right pulmonary veins, the catheter needs to be bent largely to reach the targets. To accomplish this task, there are two main challenges. First, the catheter should be flexible to go across the septal and can be bent enough to reach the asymmetric target points around the left and right pulmonary veins. Second, the ablative lesion of heart tissue at each point should be sufficient and effective, therefore ensuring the formation of two closed lesion paths to isolate the electrical transmission.
C. Motivation
Considering the size of ablative lesion, some researchers found that the tip-to-tissue orientation affects the depth and width of lesions, therefore the efficiency and time of catheter ablation [7] . They demonstrated that the tip parallel to the tissue usually has larger and deeper lesion compared with the tip perpendicular to the tissue. So the improvement of the orientation capability is a key point to enhance the efficiency.
Previous literatures have reported a few of steerable catheters, where most of the catheters have the symmetric structure with the compliant bends [8] - [10] . A quad-directional catheter made of polypropylene using rapid prototyping, which can achieve the large pitching and yawing angles [11] . The Artisan catheter of Sensei robotic system can provide two coaxial steerable sheaths for the traditional ablation catheter to enhance the steerability [12] . Also, the multiply electrode catheter was designed to use the line ablation to implement the isolation [13] . A prototype of actively stiffening flexible manipulator was presented as the cardiac catheter for cardiologists [14] . However, none of them have the proper tip orientation capability to accommodate the asymmetric targets in the confined space. A constraint flexible mechanism using a rigid rod was presented to control the curvature of bending section to present the constrained bends [15] , however, it is not considered as the catheter with the aim of the intra-cardiac surgery and is not applicable for the this application because the tortuous vascular path does not allow the rigid rod to go through.
In this letter, a steerable catheter with the asymmetric bending characteristics is proposed to improve the tip orientation capability specifically for the confined and asymmetric anatomy. We integrate the contact-aided compliant mechanisms (CCMs) with the steerable catheter to form the free or constrained bends. Moreover, kinematics based boundary exploration and preliminary experiments demonstrate the feasibility of the proposed approach.
This letter is organized as follows: Section II introduced the design of the asymmetric steerable catheter using CCMs. Section III illustrates the kinematics to display the workspace. Section IV proposes an algorithm to explore the lesion paths using the designed catheter. Section V demonstrates the results of simulation and experiments. Section VI and VII made a discussion and conclusion.
II. CONTACT-AIDED STEERABLE CATHETER
In this section, we will first introduce the specification for the design of the steerable catheter, then illustrate the design of the steerable catheter with CCMs.
A. Specification
To design the steerable catheter for PVI in the confined anatomy, we define a specification to illustrate the detailed requirements. First, we need to control the OD of catheter within 9Fr (=3 mm), which provides a potential to add an outer steerable sheath in future. Second, we require that the steerable catheter is bidirectional with asymmetric bends with 180°and 90°for each direction, allowing the potential asymmetric tip orientation. Finally, the catheter should be able to reach all the target points at the lesion paths through the fossa ovalis in the precordium of the atrial septum in the confined atrial anatomy.
B. Structure Design
The contact-aided compliant mechanisms is the compliant mechanism with contact interactions, which was first proposed by Nilesh et al. [16] to generate non-smooth force deflection characteristics during a continuous input. A patent from Biosense Webster [17] illustrated the similar concept design of the asymmetric catheter sheath using the hypotube with notches to accomplish the self-collision or using the different durometer portions. Also, the dexterous manipulator with notches for the osteolysis [18] rendered the effects of self-collision when the large deflection occurred. However, the advantages of CCMs are still not investigated to reveal their potential applications of orientation capability for the dexterous manipulators. In this letter, we aim to adapt the CCMs to design an asymmetric catheter with self-collision to provide the asymmetric bends, thereby improving the tip orientation capability for the asymmetric anatomy.
In Fig. 3 , a nitinol strip (2 mm × 0.1 mm) is used as the flexible backbone, and the disks made of aluminum are attached to the nitinol strip to provide a series of conduits for the actuation tendons. Two types of disks were used for two sections. For Section A, the cylinder disks was designed with a slot and two holes for the nitinol strip and actuation tendons. In Section B, we designed the disks with two elongated blocks at one lateral side as the CCMs. The disks in Section B were assembled according to Fig. 3 , where two adjacent disks will contact with each other at the single side of nitinol strip.
When the left tendon is actuated, the two sections will bend together to form a large bending shape; while the right tendon is actuated, only Section A will bend with a small bending shape, where the second section will be stuck by itself contact. The CCMs are located at the right side of Section B, where the elongated blocks will collide with each other to render the contact interactions to impede the deflection.
C. Strain Estimation and Maximal Bending Angle
If we assume that each segment has a bending shape with the constant curvature, then the maximal strain for each segment can be calculated as
where ε i is the value of the maximal strain; w is the width of the nitinol strip; θ i is the maximal bending angle for i-th segment; l i is the length of i-th segment. Then the total bending angle is the sum of all the θ i . Here, N equals to 8 when the catheter has the free bend to the left side, and 4 when the catheter bends to the right side with self-collision. Normally, the nitinol material can stand up to 6%∼8% without the plastic deformation. We usually want to maintain the strain of the nitinol to be within 1.5%, where it can keep the linear elastic property. So given the linear strain requirement and structural parameters, the bending angle with the linear material property is 275.12°for the left bend, and 137.56°for the right bend under the assumption that the part with self-collision has no deflection. It demonstrates that the results meet with the specification in Section II-A.
III. KINEMATICS
In order to investigate the characteristics of the catheter with CCMs, we investigate the workspace of the asymmetric catheter, then show the forward kinematics integrated with the pitch, yaw, roll angles and the translation.
A. Workspace Generation of Asymmetric Catheter
The catheter is an under-actuated manipulator, whose tip position and shape are affected by the tendon displacement, and also the external forces. We can obtain the workspace under the free bend, where no exerted forces are applied, also the workspace under the constraint bend, where the potential forces can be applied at any location of the catheter.
1) Workspace Under the Free Bend:
During the free bending phase, the shape of the catheter is only controlled by the actuation tendon. We use the rational Bezier interpolation to fit the relationship between the shapes (denoted as a series of discrete points) and tendon length from the experimental data. We denote the estimated k-th point along the catheter as P k (t), which can be calculated from
where P j,k is the k-th point along the catheter at the shape under the j-th tendon length (denoted as l j ) from the experimental data, which are defined at the upper and lower center points for each disk; t is determined by the tendon length l j /l total within the range of [0,1], and w i is the adjustable weight. In (2), given a specific tendon length, it can calculate an estimated tip position.
For the asymmetric catheter, we can build two Bezier curves to describe the left and right bends.
2) Workspace Under the Constraint Bend:
In the real scenario, the constraint from one or more external forces may be applied to the body of the catheter to change its shape. because of the lateral constraint of the self-collision (Fig. 3) . The requirement of the linear property from the material determined the maximal bending angle θ i . We tried all the potential angles for each segment, and derived all the potential tip positions of the catheter. Then we can derive a workspace representing a region of tip trajectory.
B. Forward Kinematics
The catheter will work through the fossa ovalis, so the motion of the catheter can be treated as the remote center of motion (RCM) at the center of fossa ovalis, O 0 (Fig. 4) . The task is to position the tip of catheter to form two lesion paths around the inlets of the left and right pulmonary veins after going thought the fossa ovalis. Normally, the stiff part of catheter contacts with the fossa ovalis, where all the flexible part of catheter locates inside the left atrium. So the kinematics can be simplified as shown in Fig. 4 .
First, we defined an inlet plane of catheter based on the normal vector of the inlet of inferior vena cava and the fossa ovalis. In order to ensure the inlet orientation of catheter, we first calculated the inlet plane for the catheter, defined by the normal vector of inferior vena cava and the RCM. Then the reference coordinate {O 0 } can be determined by the normal direction n f of fossa ovalis and the intersection line of fossa ovalis plane and the inlet plane. Theoretically, the stiff part of the catheter lies in the inlet plane, but in the real scenario it can be any possible 3D shape because of its non-rigid characteristics and potential external reaction force and the pushing force at the proximal end. We consider this case by adjusting the pitch angle α (denoted as the angle between the inlet plane of catheter and normal plane of fossa ovalis). Here, we define the yaw angle, the pitch angle, and the roll angle as α, β, and γ, respectively.
We used five transformation matrices from the frame of catheter tip {O 5 } to the reference coordinate {O 0 } to describe its kinematics shown in Fig. 4 . It can be expressed as
where the first three terms are the rotation operations along the axis indicated by the subscripts, the fourth term is the translation of d 1 along the z-axis, the last term is the transformation of the flexible part of the catheter from the frame at P k to the base frame {O 4 }. P k is the estimated k-th point along the catheter denoted as [ p x p y p z ] , which can be calculated from (2), θ T is the bending angle of the catheter, d 1 is the length of catheter's stiff shaft insider the left atrium. Then the tip of catheter at the global coordinates {G}can be calculated as
When the inputs (α, β, γ, d 1 , t) are given, the forward kinematics can be solved based on (2)-(4).
IV. PATH EXPLORATION

A. Task Definition
We aim to find the possible 3D configurations of the catheter under the free bend to explore the targets within the confined cavity of left atrium, where the tip of catheter can reach the target points on the lesion paths without body contact with the inner surface of the left atrium. The task is defined to solve the inverse kinematics first to find all the possible configurations of catheter to attach the points on the lesion paths, then make the collision test to remove the unreasonable configurations, finally select the optimized solution.
B. The Proposed Exploration Algorithm
To address the exploration of lesion paths, we extended and modified our previous algorithm [19] to explore the 3D cavity as shown in Fig. 2 . It has three sub-tasks, including solving the inverse kinematics, collision test, and the optimization (Fig. 5) .
With regard of the inverse kinematics, it is not easy to get the analytical solution, because the deflection of the catheter is affected by the force applied to the flexible backbone, originated from the interactions at the discrete contact points with the actuation tendon. Here, we solved the forward kinematics based on Bezier interpolation ( (3)- (5)) with all the possible configuration (α, β, γ, d 1 , t) as inputs, which locates the tip of the catheter at the specific i-th target point (Fig. 5(a) ).
Next, given the possible configurations, we discreted the shape of catheter including the stiff part and the flexible part inside of the left atrium, then calculated the nearest distance with the inner surface to look for the configurations with collision. After removing them, we can get all the updated configurations without collision (Fig. 5(b) ). Finally, we can find the best configuration for each ablation point with the maximal relative angle (Fig. 4 ) defined as
where n c is the catheter's tip orientation, n t is the normal vector of the lesion point. Details can be found in Fig. 5(c) . Here, the larger relative angle means that the tip of catheter can be more parallel to the tissue to form the larger lesion size.
V. VALIDATION AND RESULTS
In this section, we first introduced the preparation for experiments and simulation. Then the workspace and the orientation angle for the proposed asymmetric catheter were displayed. Moreover, we validated the effectiveness of path exploration using both the simulation and experiments, and evaluated the orientation capability.
A. Preparation for Experiments and Simulation
Experiment I was designed to obtain the deflection of the catheter. The left tendon was actuated using the motorized lead screw from 0mm to 3.5 mm in 0.5 mm increment, and the right tendon was actuated from 0mm to 2.5 mm in 0.5 mm increment. In the same time, we captured the images from the overhead camera (PL-B776F, PixeLINK, Canada), which can be addressed by the Digimizer (MedCalc Software, Belgium) to obtain the shapes. Finally, the data were used to do the interpolation in (3). Then the workspace based on the experimental data under the free bend was obtained.
Experiment II was designed to manipulate the catheter in the atrium phantom to reach the lesion lines. The phantom of the left atrium was manufactured using the stereolithography. The entry point -the fossil ovalis was shown using a hole with OD = 4 mm. During the experiment, we fixed the phantom on the optical table, then the catheter was inserted into the entry point and manipulated manually by the integration of pulling/pushing tendons, rotation, and insertion. We evaluated the effectiveness by observing whether the tip of catheter can reach the target points.
Workspace simulation in Section III-A.2 was done to show the constraint bend using θ i as the maximal bending angle for each segment, which can be calculated using (1) with ε i as 1.5%. Path exploration simulation in Section IV-B was implemented using the virtual point cloud as the confined workspace, where each of two lesion paths was defined with 24 discrete points from the point cloud around the pulmonary veins to form the closed paths to impede the electric transmission. The distance of two adjacent lesion points is approximate to 2-3 mm, which can guarantee the continuous ablative lesion paths to form the closed loops to impede the electrical transmission (Fig. 7) . However, in the clinical procedure, perhaps more lesion points were selected to avoid the possible ablative failure at one single point.
B. Workspace
The tip trajectories are shown in Fig. 6(a) , which display the workspace of the catheter under the free bend (Section III-A.1) and the constraint bend (Section III-A.2). The simulation result revealed the dissimilar workspaces for the left bend and the right bend. Moreover, we can find that the simulation workspace is significantly larger than the experimental one, and the latter workspace is almost fully covered by the former one. Using the data from the experiment I described in Section V-A, we can compared its tip position with that from the interpolation results in Section III-A.1. Finally, we obtained the mean error and standard deviation of tip positions are 0.84 mm ± 0.83 mm for the left bend, and 0.14 mm ± 0.14 mm for the right bend.
C. Orientation Angle
In order to show the orientation capability, we compared the bending angles for the left bend and the right bend in Fig. 6(b) . Experiments showed that the maximal bending angle to the left was larger than 180°, and that to the right was larger than 90°, which fulfilled the requirement of the bending angles in Section II-A. Moreover, the left bend had the larger reach to (1)- (3)), and lesion path B ( (4)- (6)).
the Y direction than the right bend. At the same y-coordinate, the right bend demonstrated a larger bending angle, rendering a better tip orientation to the front.
D. Exploration of the Lesion Paths Based on Simulation and Phantom Study
We explored the lesion paths using the simulation method based on the free bend in Section III-A.1 in a virtual left atrium and the experimental method based on the constraint bend in a corresponding 3D printed phantom.
The simulation results are shown in Fig. 7(a) with the point cloud and lesion points numbered in the clockwise order. The ball with OD = 2.6 mm was put at each reachable target point on the lesion paths, because the diameter of the catheter is 2.6 mm. It indicates that using the free bend, the catheter can reach all 24 points on the lesion path A around the left pulmonary veins, but only 9 in all the 24 points on the lesion path B around the right pulmonary veins.
Results in Fig. 7(b) show the experimental procedure to explore the lesion paths- (1)- (3) for the lesion path A, and (4)- (6) for the lesion path B. We observed that all the targets can be reached using the free bend or constraint bend. The targets on the lesion path B not reached by the free bend during the simulation can be reached in the experiment by integrating the operations of two tendons and the potential external interaction on the catheter's body (Fig. 7(b) ).
In order to compare the effectiveness of the CCMs, we displayed the maximal relative angle-δ at each point at the lesion path A and B in Fig. 8 . Comparison shows that 20 in 24 points of the lesion path A and 4 points of the lesion path B have the larger relative angles produced by the right bent configuration (small curve with CCMs). It indicates that the CCMs can provide a better tip orientation for the catheter to keep parallel to the tissue at most of the lesion points.
VI. DISCUSSION
The CCMs present the self-collision at the single lateral side, which actually affects the length of the flexible backbone, finally rendering the asymmetric bending shapes, bending angles, and workspace. The constraint of the bending length leads to the smaller bending curve, which provides a better tip orientation capability around the adjacent tip region at the initial configuration. Fig. 6 indicates that the potential external forces help enlarge the catheter's workspace, which fully covers the workspace under the free bend. The enlarged workspace helps reach some of the target points in the lesion path B, which cannot be touched by the free bent configuration (Fig. 7) . As observed in Fig. 7(a) , the reason why most of points in the lesion path B cannot be reached using the free bend in the simulation is the catheter will have the collision with the surrounding anatomy when the catheter was bent with the large curve, that means the narrow space around the lesion path B restricted the motion of the catheter.
However, we still anticipate that in future all the target points can be reached by the catheter under the free bend, because it does not rely on the reaction force from the surrounding heart tissue, which will perhaps lead to the excessive interaction to penetrate the myocardium. Hence, the possible solution is to optimize the structure of the catheter, including the total length, each section's length, and also the parameters of CCMs. The variation of CCMs and their locations will help improve the bending shapes and tip trajectories, providing the potential to reach the hard-to-reach points in the confined cavity.
The simulation results in Fig. 7(a) indicate that the yaw angle, the pitch angle, and the roll angle α, β, γ, and the translation distance d 1 are very helpful in the exploration algorithm to reach the targets. However, in the current clinical surgery, α, β are the angles, which cannot be adjusted actively and accurately, only passively by pulling or pushing the proximal end of the catheter's stiff part when its distal end of the stiff part is subject to the reaction force from RCM. This demonstrates a need to design a steerable sheath located in the right atrium to adjust the inlet orientation through the RCM. Moreover, the tip force sensor or shape sensor can be integrated with the catheter to provide the contact force and shape information [20] to augment the visualization of traditional navigation image, also the physical model [21] can be developed to enable the robotic accurate pose and force control to enhance the precise ablation.
The single 3D anatomy or the phantom is not sufficient to evaluate the catheter because of the heart motion and soft chamber tissue. The reconstructed virtual heart model of 4D-CT [22] may be more suitable to help evaluate the proposed asymmetric catheter, and optimize the catheter's parameters for the best ablation effects. In addition, 3D printed silicon phantom or dynamic heart simulator has the potential to better evaluate the work in future. Furthermore, the ablation device will be integrated to test the ablation effects on the ex-vivo tissue.
VII. CONCLUSION
In this letter, we have proposed a 2D steerable catheter with CCMs to form bidirectional asymmetric bends. By building the kinematics based on free bend and constraint bend, the workspaces of the catheter have been obtained and compared. The simulation results based on the exploration algorithm and the experimental results in the phantom study have demonstrated the full exploration of the asymmetric lesion paths in the confined anatomy. Comparison of relative angles rendered the significant improvement with the advantages of this asymmetric design with CCMs. The integration of the steerable manipulator like the catheter and the CCMs is significant to provide a potential solution to personalize the flexible surgical tools for the specific task and confined anatomy, especially for the intraluminal surgeries.
